The spin ladder is prototypical quantum spin system. The S = 1/2 antiferromagnetic (AFM) spin ladder, which exhibits AFM rung and leg interactions, has been extensively studied in relation to field-induced quantum phase transitions and high-T c superconductors [1, 2] . Recent investigations on new copper complexes, (C 5 H 12 N) 2 CuBr 4 (BPCB) and (C 7 H 10 N) 2 CuBr 4 (DIMPY), have extended our understanding of S = 1/2 AFM spin ladders and their field-induced quantum liquid phases [3] [4] [5] [6] [7] . BPCB and DIMPY exhibit strongrung and strong-leg coupling regimes, respectively, and indicate several different magnetic and thermodynamic properties. The interesting contrast in the associated Luttinger liquids (LLs) for strong-rung and strong-leg coupling regimes has received particular attention [6, 7] because these two regimes represent model systems of spinless fermions with repulsive and attractive interactions, respectively.
In contrast, ferromagnetic (FM) chain-based spin ladders, where FM chains are coupled by AFM rung interactions, behave very differently than AFM spin ladders. FM chains tend to suppress quantum fluctuations, making the stabilization of quantum states uncertain [8, 9] . Since FM chain-based systems are expected to have relatively larger nonlinear terms in their low-energy dispersion relations from 1D FM interactions, LL formation allows one to examine the limitations of conventional linear LL theory [10, 11] . The phase diagram of FM chain-based spin ladder is parameterized by the ratio between the rung and the leg interactions, γ = |J rung /J leg |, and XXZ-type exchange anisotropy [12] [13] [14] [15] . For the isotropic case, a fully gapped rung-singlet (RS) state is stabilized. Vekua et al. argued that the LL regime can appear when a magnetic field is applied [14] .
We previously reported the first experimental realization of an S = 1/2 FM chain-based [16] , where γ was evaluated as 0.55. However, in zero magnetic field the energy gap disappears and phase transitions to an ordered state are observed. Thus, the AFM rung coupling with γ = 0.55 is considered too weak to prevent magnetic order and stabilize quantum phases. Because 3-Cl-4-F-V has strong-leg coupling, a model substance that has a strong-rung coupling with γ>0.55 is required to examine quantum phases and the differences between coupling regimes.
More recently, we have reported a new model material for an S = 1/2 spin ladder with FM leg interactions, 3-Br-4-F-V [= 3-(3-bromo-4-fluorophenyl)-1,5-diphenylverdazyl], where the Cl in 3-Cl-4-F-V is replaced by Br [17] . The low-temperature magnetization data are well described within the strong-rung regime with γ = 1.5 [17] .
In this Letter, we report magnetization, specific heat, and NMR measurements of 3-Br-4-F-V. We successfully explain the magnetic and thermodynamic properties within the expected spin-ladder model with γ = 1.5. Furthermore, we observe a field-induced successive phase transition, which occurs just below the LL regime. The NMR spectra in the fieldinduced phases indicate an incommensurate spin structure, demonstrating the presence of frustration in the weak interladder couplings.
Single crystals of 3-Br-4-F-V were synthesized as described in Ref. [17] . The magnetic susceptibility and magnetization curves were measured using a capacitive Faraday magnetometer in a dilution refrigerator. The specific heat was measured using a hand-made apparatus by a standard adiabatic heat-pulse method for 0.35 K < T < 2.0 K. Using specific heat measurements, we confirmed that no nontrivial magnetic anisotropy exists for H a and H ⊥ a and so all experiments were performed for H ⊥ a. This isotropy is due to the nature of organic radical systems. NMR measurements were performed using a single crystal with approximate dimensions of 3.5×1.0×0.5 mm
3 . An external magnetic field was applied along the ac direction in order to make all F sites physically equivalent. The 19 F-NMR spectra were obtained with a fixed magnetic field by summing the Fourier transform of the spin-echo signal at equally spaced rf-frequencies or by recording the integrated intensity of the spin-echo signal at discrete frequencies . We determined 1/T 1 by fitting the spin-echo intensity M (t) as a function of the time t after the inversion pulse to the stretched expo-
where M eq is the intensity at thermal equilibrium and β is the stretch exponent that provides a measure of inhomogeneous distribution of 1/T 1 . When 1/T 1 is homogeneous, the value of β is close to one. When the spectra became broad in the AFM ordered state, 1/T 1 was measured at the spectral center.
Figures 1(a) and 1(b) show the molecular structure of 3-Br-4-F-V and its spin-density distribution, respectively. Ab initio molecular orbital (MO) calculations revealed that about 63 % of the total spin-density is present on the verdazyl ring including four nitrogen atoms and each of the upper two phenyl rings also have a relatively large spin-density of about 15 % [18] . Considering such a spin-density distribution, the column structure along the a-axis should be regarded to form uniform spin chains. A short contact connecting two neighboring chains makes a two-leg ladder structure, as shown in Fig. 1(c) . From our previous analysis of the magnetization, exchange interactions are estimated as J rung /k B = 12.5 K and J leg /k B = −8.3 K (γ = 1.5) [17] , defined within the Heisenberg spin Hamiltonian:
where S i,j are S=1/2 spin operators acting on site i of leg j = 1,2 of the ladder, the g-factor is 2.00, µ B the Bohr magneton, and H the external magnetic field. The ground state for this model is the RS with an excitation gap ∆ ≈ 6.9 K to the lowest triplet state.
Figures 2(a) and 2(b) show the low-temperature behavior of χ (χ = M/H) and the temperature derivative dχ/dT , respectively, under various magnetic fields. We observe an extremum in χ, which changes from a minimum at low fields to a maximum at high fields around 7.0 T, as shown in Fig. 2(a) . Many theoretical studies of 1D gapped spin systems predict extremum in χ at the crossover temperature to the LL regime [19] [20] [21] and experimentally observed in BPCB and DIMPY [3, 5] .
Our experimental results clearly demonstrate the predicted crossover behavior. We plot these specific temperatures in the field-temperature phase diagram, as shown in Fig. 2(f) . The obtained crossover line well reproduces predicted dome-like behavior with a deviation in higher-field region [20, 22] .
Furthermore, dχ/dT exhibits a distinct sharp peak at a temperature below the extremum of χ, as shown by the arrows in Figs. 2(b). These peaks must indicate phase transition to the 3D ordered phase, which is also predicted on 1D gapped spin systems with weak three-dimensional (3D) couplings [20] . We calculated magnetic susceptibilities using the quantum Monte Carlo (QMC) method [23] with the same parameters as in Ref. [17] and reproduced the broad extrema, as shown in Fig. 2 The magnetization curves exhibit an excitation gap of about 5.1 T. We have calculated the magnetization curves using the finite-temperature density matrix renormalization group (DMRG) method [27] and obtained good agreement with experimental results, as shown in Fig. 2(c) . The dM /dB values indicate asymmetric double peak structures, as shown in Fig.   2 (d). We plot these peak magnetic fields in the field-temperature phase diagram, as shown in Fig. 2(f) . The observed peak fields are consistent with the phase boundaries determined from other experimental results.
Figure 2(e) shows the temperature dependences of the magnetic specific heat C p . The lattice contribution is subtracted from the total specific heat assuming the Debye's T 3 -law as 0.015T 3 (J/mol K). We find distinct double peak structures in the field-induced 5 phase, which resembles the phase transition accompanied by a double peak in the specific heat for 3-Cl-4-F-V [16] . The high temperature peaks are located slightly lower than the broad extrema in χ, while the low temperature peaks agree well with the phase boundary evaluated from the peaks in dχ/dT , as shown in the phase diagram in Fig. 2(f) . We calculated the magnetic specific heat using the QMC method and reproduced the broad peak near 3.5 K associated with an excitation gap of the RS in the gapped phase and the hightemperature regions in the gapless phase, as shown in Fig. 2(e) . Calculations of C m /T at the temperatures corresponding to the field-induced gapless phase tend toward a constant value at low temperatures, corresponding to the T -linear behavior of C m expected in LL regime. Here, we discuss the spin structures in the field-induced phases from the 19 F-NMR spectra. consists of two components; one is a fast recovery from the paramagnetic phase and the other is a slow one from the ordered phase. However, the recovery curve in the higher temperature phase can be fitted by a stretched exponential function with a relatively large β∼0.9 as shown in the left inset of Fig. 3(a) , which indicates that the difference between
of the paramagnetic-and ordered-like components is small. This result can also be explained by the partial order scenario, in which the 19 F-NMR nuclear is affected by both the paramagnetic and the ordered moments. 
